AIAA 95-0825

Technology for Space Optical Interferometry
Robert A. Laskin

Jet Propulsion Laboratory

California Institute of Technology
Pasadena, CA

33rd Aerospace Sciences
Meeting and Exhibit
January 9-12, 1995 / Reno, NV

For permission to copy or republish, contact the American Institute of Aeronautics and Astronautics
370 L'Enfant Promenade, S.W., Washington, D.C. 20024




TECIHNOLOGY FOR SPACE OPTICAL INTERFEROMETRY

Robert A, Laskin
Jet Propulsion].aboratory
California Institute of Technology
Pasadena, CA 91109

Abstract

Optical interferometers arc expected to provide the
next great leap forward in space based astronomy beyond
the Hubble Space Telescope, Varioussystems are envisioned,
ranging from large orbiting structures to lunai basedfacilitics
to separated spacecraft flying in formation. Regardicss of
the specific architecture, these systems will present
unprecedented challenges in the measurement and control
of optical surfaces, hence driving the technological state-of-
the-art in the arcas of lascr metrology and alignment and
stabilizat ion of optomechanical systems. The Jet Propulsion
1 .aboratory has been working for the better part of the last
decadeto develop and test this technology. Progressing
from the derivation and flow-down of requirements through
the laboratory demonstrationof technology at the component
level, the J]]. program is now at the point of demonstrating
interferometer technology at the system level on a full scale,
fall fidelity ground integration testbed. Beyond this lies the
Stellar Interferometer Tracking Experiment, a flight
demonstration of interferometer technology, paving tbe
way for a NASA commitment to the first optical
interferometer science mission.

Introduction

Over the past several years a consensus has formed
around the idea that space bascd optical interferometers
operating in the ultraviolet, visible, and infrarcd wavebands
represent the next great leap forward in astronomy and
astrophysics. Interferometry is the only known method to
significantly improve (by orders of magnitude) the angular
resolution of current astronomical telescopes and thereby
meet several ticy scientific goals of the 21st century:
measurement of stellardiam eters, resolut ion of close binarics,
extra-solar planet detect ion, and the precise measurement of
galactic and cosmic distance scales. Interferometers lend
themselves to space application duc to their extremely
efficient usc of weight and volume to achicve the goals of
high resolution, high sensitivity imaging and astrometry. By
utihizing the concept of aperture synthesis pioneered in radio
astronomy, optical interferometers, whether they take the
form of a number of discrete telescopes or a single structure
containing Critical portions of onc large telescope, allow the
space system designer to do more astronomy with less glass.
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Hence, they represent the only way to take a quantum leap
beyond the Hubble Space Telescope at an affordable price
(an instrument with ten times HST’s resolving power and
five times the sensitivity could be launched on any of a
number of existing large boosters; an instrument with twice
the resolving poweiand comparable sensitivity could be
launched on a Pegasus).

The Astrophysics Division of NASA's Office of Space
Science is working to fashion a long range strategy for the
space application of opticalinterferometry. This strategy
envisions single structure interferometers in orbit, both for
imaging and astrometry, lunar interferometers consisting of
discrete telescopes hundieds of meters to kilometers apart,
and formations of smal 1 spacecraft operating as  virtual
interferometers where separat ion distance (and hence optical
resolution) is unlimited  Although widely disparate in
approach, these systein concepts share much in the demands
they place on technology development. Recognizing the
critical 1ole that the advancement of supporting technologies
will play in the success of spacc optical interferometry, the
Astrophysics 1ivisionhas produced, as part of its AstroTech
21 Program, a “"I'echnology Requirements Plan for Space
Interfer ometry M issions.”! ‘This plan is synopsized in the
next section of this paper.

The majority of the paper is devoted to detailing the
cfforts underway atthe Jet Propulsion Laboratory (JP1.)in
the development of interferometer technology. These efforts
have been funded by NASA's Office of Space Access and
Technology, under the auspices of its Micr(~-I'recision
Control-Structure Interaction (CSI) Program, and by the
Astrophysics Division under its advanced technology
development program. JPL.’s effort is currently guided by
the requirements docunicnted in Reference 1. Historically,
however, the JP).program , begun in 1988, predates Reference
1and 1clied for some time on arepresentative interferometer
reference Mission as its guiding light. Termed the Focus
Mission Interferometer (1 ‘MI), thisreference mission served
as an analytic testbed on which to explore technology
reguirements and solutions. 1t has been a remarkably good
precursor to Reference 1and played a central role intheearly
years of the JPL, effort. The principal challenges presented
by the Ml arc the need 10 sense the relative positions of
optical elements to the order of picometers, to control these
relative positions to the order of a nanometer, and to do so

American Institute of Aeronautics &nd Astronautics




over a structure that may span tens of meters. To gauge the
severity of these requirements, note that the uncontrolled
response of such a system to the expected spectrum of on-
board disturbances would result in thousands of nanometers
of motion of the optical elements. JPL. is developing sensing,
and control technologies to address these challenging
problems. The paper will discuss, in turn, the analytical
application of these technologies to the 1 ‘M, the laboratory
demonstration of these technologies at the component level,
and the integral ion of these technologics on a full scale, full
fidelity interferometer testbed for system level ground
demonstrat ion testing. 1 ‘inally, the paper discusses two
proposed flight experiments whose purpose it is to
demonst rate thatinterferometer yechnology is space mission
ready.

Technology Reguirements and Prioritics

The Technology Requirements Plan for Space
Interferometry Missions (Referencel ) is viewed by the
Astrophysics Division as a living document which must be
periodicall y updated to reflect NASA's changing niission
priorities as well as advances in the technologicalstate-of-
the-arl. At the timc of its firstrelease in early 1993, the
Technology Plan reflected the recommendation of the so-
calledBahcall Report,? written in 1991 by the National
Research Council's Astronomy and Astrophysics Survey
Committee, chaired by John Bahcall, that a single spacecraft
optical interferometer, dedicated to astrometry and dubbed
the Astrometric Interferometer Mission (AIM), receive a
ncw mission start from NASA before the year 2000. The
two Icading contenders for AIM were, and still arc, the
Orbiting Stellar Interferometer (OS1)* and the Precision
Optical Interferometer in Space. (POINTS). Hence, the
initial versionof the Tech nology Plan was taitored specifically
to the particular needs of 0S1 and POINTS, with longer
range interferometer missions, such as orbiting imaging
systems, lunar facilities, and multiple spacecraft
constellations, receiving essentially no consideration. The
situation was somewhat changed at the most recent release
of the Technology Plan in August, 1994. Although still
consider'cd most likely tobc NASA's firstinterferometer
mission, AIM had slipped out of the 1990's for a ncw
mission start,lcading the Astrophysics] divisiontoreconsider
its long range strategy for space jnterferometry. This long
range strategy is still peing formulated. HOWEVET, the most
recent release of the Technology Plan addresses a broader
spectrum of potential interferometer missions, while still
placing its greatest emphasis on A1M. Not surprisingly, it
turns out that the various classes of optical intetferometers
share considerable commonality in their technology needs.
This is reflected in 1apje 1 which rates the relative priority

of therelevant technologics against the INCTErOMEIer jicgion
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Fable 1.
SPACE INTERFEROMETRY l\/tISSION CLASS
I
TECHNOLOLY | ASTROMETRY  OFD!TAL IMAGING LUNAR vl
AREA (A} INYERFEROMETER INTERFEROMETER
CONSTELLATION
PICOMETE R
METROLOGY Hicd HIGH HIGH HIGH
INTEGRAY :
MODELING ¢ HiGH HIGH HIOH HiOH
VIBRATION
ISOLATION & HIGH HIGH MEDIUM HicH
POINTING
ACTIVE
DELAY HIGH MEHUM HIGH HIOH
LINES
ST R?,glﬁlms HIGH HIGH MEDIUM MEDIUM
PRECISION
DE PLOYMENT Hiow HIGH MEDIUM M EoiuM
ThermaL 1 Y
STABLE MEDIUM MEDIUM HIGH MEDIUM
OPTICE _ —
ADVANCGH
MATERIA : MEOIUM MEDIUM MEDIUM MEDIUM
ELECTR T
PROPULSON Low Low Low HIGH
SONTAMINA TION
PREVENTIN Low Low HIGH Low
BYSTEM .
GROUN:
INTEGRATION HIGH HIGH HIGH HIGH
TESTBECS
FLIGH
EXPERIMi NTS HIOH HIGH HIGH HIGH

classes. Hence, the Technolog y Plan continues 1o prioritize

technology needs using AIM as the yardstick. To quote
from thic Plan:

“Once implemented, AIM will set the standard for
precision in space system alignment, stabilization, and
km'ledge. High precision metrology (~20 picometer .1y
relative measurement accuracy), within an element and
benvec n elementsof an interferometer, is a driving technology
requirement. Ofcompara bleimporta nce is the yequirement
to maintain mechanica [s tability of the optical systent to the
10 narometer |pyp) AIM isthe prototype for future mission
concepts that employ more than one aperture. Baselines
[between apertures] may be up to 30 meters in extent in
space and hundreds of meters on the moon. Although 1bis
document concentrates on the technology needs of AIM,
development of the capabilities called for in this planwill go
a long way toward enabling more advanced interferometer
systems aswell.

Note that the 20 picometer metrology requirement
derives from the astrometry science, which requires
knowledge of the interferometer baseline vectors 1 afraction

of a nanometer in order to achicve astrometric  precision
below 10 microarcese ;opds. The 10 nanometer o ochanical

stability requirement is analogous to the A/20 wavefront
quality requirement typical of allhigh-qualit y optical systems.
This level of mechanical motion is consistent with
maintaining high conti ast on the interference fringes formed
on aninterferometer’s science detectors.
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The technology plan goesonto set technology priorit its,
at the component level, as follows:

1. Metrology and Starlight Detection Systems

2. High Fidelity Integrated Modeling

3. Fine Pointing and Vibration Isolation

4. Active 1 delay Lines and Sidcrostats

5. Quiet Structures and Subsystems, Precision
Deployment

No(c that priorit y# | addresses the 20picometerrelative
measurement requirement, priorities #3 - #5 addressthe 1()
nanometer mechanical stability requirement, and priority #2
recognizes the necessity of  efficiently and accurately
modeling the complex, multidisciplinary system that an
interfcrometer is. The Technology Plan goes on to state:

“[n addition to the above component technology, OS]
and ’OINT'S both require, as a highest priority, system
in tegration testbeds for va lida tion o f component hardware,
verification o fin tegrated modeling soft ware, and end-k-
end performance demonstration. Flight experimentation
will also be required where critical fun ctionality cannot be
demonstrated without the presence of the space
environment.””

The Foeus Mission Interf ter (EMI)

As discussed in the Introduction, JPL s interferometer
technology development program predates the Technology
Plan and was guided during its carly years by the Focus
Mission Interferor neter (FM1) reference mission. Figure 1
shows a sketch of the FMI inits deployed configuration. An
interferometer is fundamentally a sparse aperture optical
system where spatially distributed “small” collecting
apertures arc combined to synthesize the performance of a
single larger aperture. In the case of the I'MI, the six 0.5
meter collecting apertures are arranged in a linear array
across the structure to form three distinct interferometers.
An optical interferometer can be used for high resolution
imaging as well as extremcly precise astrometry (astrometry
is the mapping of stellar positions in the sk y). When used for
imaging, the FMI’s effective baseline of 24 meters would
give it roughly 10 times the resolving power of the Hubble
Space Tclescope. This translates intoa resolution of 5
milliarcseconds. By way of comparison, Figures 2 and 3
show OSI, a 7-meter baseline system containing three
interferometers in alincar array, and POINTS, whose box-
like instrument compartment contains two 2-metes
interferometers oriented perpendiculartoone another. Since
the FMI was assumed to operate well into the ultraviolet
(down too. 12 microns), its requitcments for the sensing and
control of optical elements arc roughly four times tighter

11 MTOWER

1.6 M COMBINING

TELE SCOPE SIDEROSTAT

(6 PLACES)
13 M ARM
'/(26 M BASELINE)

ELECTHONICS BAY

0.5 M COLLE CTING
TELESCOPE (6 PLACES

Fig.3. Precison Optical interferometer in Space
("OIN"J'S).
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than thoscof the AIM candidate systems, which arcconceived
as visible instruments. Nevertheless, the FMIrequirements
(S picometers RMS relative metrology sensing, 2.5
nanometers RMS mechanical stability) are equivalent to
those of Al M tothe extent that they arc used to sct technology
priorities and drive technology development.

The optical performance of the FM | relative to its
2.5 nanometer differential pathlength stabilization
requircment has been analyzed in some detail with the
conclusion that vibration attenuation factors of between
1,000 and 10,000 arc necessary to meet the requirement
with margin. This is onc of the principal challenges that
interferometer technology must address.  Vibration
attenuation alone is not sufficient, however. The need to
operate well under a micron in absolute stability rcpresents
a significant challenge in its own right. in addition to
exposing the severity of the performance requircments,
analysis of the FMI pointed up major deficiencies in the
existing capability to design and maodel (in an end-to-end
fashion) complex optics/structurc/control systems subjected
to mechanical and thermal disturbances. This challenge
must be met in order to make it practical to conduct
quantitative design trades early in the design process and to
cnable simulation of system performance prior to fabricat ion
and test. On the sensing front, the challenge of performing
laser metrology mcasurements to a fraction of an Angstrom
is quite severe. The final challenge is to demonstrate, to
those entrusted with making NASA mission decisions, that
interferometer hardware, software, and methodologies arc
mature and ready for application to flight systems. The
remainder of this paper is organized around illustrating, in
turn, how JP1. is addressing each of the major challenges
posed above.

Mecting the Vibration Attenuation Challenge

The first challenge for an M class optical systems is
providing threc to four orders of magnitude vibration
attenuation. Addressing this challenge has been the province
of the JPL. Micro-Precision Control-Structure interaction
(CSI) Program, which has adopted an approach that entails
a malt i-layer architecture, with cacb layer responsible for
providing between onc and two orders of magnitude
allenuation. Currently three layers - vibration isolation,
active/passive structural quieting, and optical clement
compensation - arc considered sufficient to meet the
performance requirements of systems like the M. The
idea is to intercept disturbance energy at the source (via
vibrationisolat ion), along the transmission path (via structural
quicting), and at the destination (via high bandwidth optical
compensation). Each layer will have a specific realization
tailor-cd to the systemunder considerat ion. For the FMI, the
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structural quieting layer is comprised of 25 active members
whose locations and clectro-mechanical impedances have
been optimized to dissipate kinetic energy from tile truss
structure. The vibration isolation laycr is similar to that
implemented onthe Hubble Space Telescope (HST) reaction
wheels (i/W’s). Improved performance, over that of Hubble,
is achieved by angmenting the HS'1’s passive system with
active control using voice coil actuators. The optical
compensation layer consists of both tip/tilt control on
siderostats and fast steering mirrors as well as transition
control stages to con cctandstabilize optical pathlength
through the system. An overall closed loop bandwidth of
2S() Hz. has been simulated for the pathlength control loop,
with a /T providing the vernier high bandwidth actuation.
For the vibration analysis, the disturbance source used was
the imbutlance force fiom 4 HST RW’s spinning from () to
3000 RPM (e, 50 Hz).

Figure 4 shows pathlength error for the FMI’s outermost
interferometer as a function of RW speed. Notice that,
without control, the response exceeds the 2.5 nm requirement
at virtually every RW speed, and in several speed ranges
exceeds 1,000 nmi. Inan RMS sense, the Uncontrolled
pathlength response is greater than 700 nm across all wheel
speeds. As layers of control arc added - structural quicting,
vibration isolation, and pathicngth control, in turn - RMS
vibration attenuation factors of 5, 20, and 7 arc achieved,
respectively. The resultant 3-layer RMS attenuation factor
of 700 mecans an RMS pathlength stability of just over 1 nm.
Ina 3-sigma sense, a wor st case pathlength error of 10,000
nm is reduced by a factor of 1,000 to 10 run.

Clearly, in the world of computer simulation, the CSI

multi-layer architecture appears tobccapable of meeting the
three 1o four orders of magnitude vibration attenuation

... PATHLENGTH ERROR
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| NO CONTROL
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11! F4250Hz PL QUIETING
"y i CONTROL +10*P#*4SOLATOR

A2 L o
05 o5 20 25 30 35 40 45 0

Fig. 4. Optical Pathlength Cent rol Performance on the
Focus Mission interferometer (Meters vs. Reaction
Wheel Speed in Hz).
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requirement. The next question is whether this conclusion
holds up on actual physical systems undcr laboratory
conditions.

Experi D ion of The Multi-Laye
Architecture

To experimentally demonstrate that the rnulti-layer
architecture can meet this chailenge, and prove that the
successive layers arc not unstably interactive, JPL. has built
a dedicated test facility called the CS1Phase B Multi-1 .ayer
Testbed.® The Phase B Testbed has been built to resemble
a portion of an interferometer telescope, including a laser
star simulator, ametering truss structure, an optical pathlength
delay line, and the associated instrumentation and real time
control computers. It has proven to be an excellent setting
in which toinvestigate the blending of the three layers of the
multi-layer architecture:  structural quieting, vibration
isolation, and optical compensation. Figure 5 depicts the
testbed and points out each layer of control. The disturbance
is mounted on a single axis vibration isolation stage. The
disturbance transmissibility (i.e., transfer function) from
(his source to optical pathlength stability (as measured by a
fringe detector monitoring the laser “star simulator” signal)
represents the figure of merit for experiments conducted on
the testbed

PATHLENGTH
MEASUREMEN

.

OPTICAL
PATHLENGTH
' CONTROL

Fig. 5. Phase B Multi-Layer Testbed.
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The Structural Ouicting Laye

1 .ightly damped resonances in structures amplify tbe
effects of disturbances and result in much greater levels of
vibration and jitter. Structural vibration in turn causes
misalignmnent in the optical train. Precision structures
generally manifest low levels of damping because energy
dissipatitig mechanisms such as friction arc eliminated duc
to the precise lolcl-antes of the joints and connections.

The CSlstructural quicting layer is specifically designed
to reduce the level of vibration in the structure, This is
accomphshed through a combination of passive damping
and active control using active structural members. Passive
dampcers have the advantages of simplicit y of design and of
reguiring no power for operation. Four Honeywell D-Strutf
passive dampers arc installed in the Phase B Testbed
(Figurce 6). Active structurallncn~bcrs~"1 which utilize an
embedded piczoclectric orelectrostrictive actuator, have the
advantage of being tunable for optimal performance cven
after the structure has beerassembled and/or deployed. The
active dhal-a-strut contro} circuit cannot only be tuned to
emulate passive dampers, but can also be designed to
achicve a more exactimipedance match to the structure,
providing damping performance tailored to frcqucncy.'2
Four JPL. designed active members arc installed in the
testbed (Figure 6). The active and passive members have

PASSIVE
DAMPER

ACTIVE

Fig. 6. Structural Quicting Elements in Phase B Truss
Structure.
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Fig. 7. Disturbance Attenuation Due to the Structural
Quieting Layer.

been optimally located in the structure through the usc
algorithmsdesigned tominimize disturbance transmissibility
from the disturbance source to the optical pathlength
metric ! 314 The performance of the structural quieting
layer, in terms of disturbance attenuation, is seen by
comparing the two transfer functions depicted in Figure 7.
All modes below 80 Hz exhibit damping exceeding 5% of
critical, compared to damping ratios between 0.1 % and
1.0% in the undamped structure. in addition to providing
reduced disturbance transmission through the structure, the
structural quicting layer has a stabilizing effect on the other
layers of control, especially the high performance optical
compensation layer. This stabilizing effect leads directly to
higherbandwidth optical control, which in turns results in at
lcast a factor of 5 improved disturbance rejection.

Recently the active member has taken a major step
forward toward flight qualified status. The solid state
actuator technology at tile heart of the active member was
flown successfully in the Actuated Fold Mirror (AFM) as
part of the Hubble Recovery Miss ion.”*The AFM is an
opt ical component in the ncw Wide Ficld/Planctary Camera
(WH/PC-2) which was successfully installed in the HST by
astronauts in December of 1993, The AFM uscs
clectrostrictive actuator technology, originality developed
by Litton/lick Optical Systems for Department of Defense
deformable mirror applications. Because clectrostrictive
actuator technology is relatively new, the HST recovery
mission represents its first space flight application. The
research that supported the AFM for Hubble will continue
to advance the readiness of precision active members that
will be effective in precision alignment and structural quieting
applications. The successful flight of the AFM gives
tremendous impetus for incorporat ion of CSlactivemember
technology in near term flight missions.
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The Disturbance Isolation Layer

Vibs at ion isolation is the firstline of defense against the
performance threatening cffects of mechanical disturbances
on-board micro-precision systems. For applications where
themost significant disturbance sources (e.g.,reaction wheels,
tape recorders, etc.) can be housed together in asingle “dirty
box,” the vibration isolat ion layer, in the CSI multi-layer
architecture, is likely to provide the greatest performance
cnhancernent at the lowest cost. This is because isolation
can be implemented by a single six axis device, whereas the
other layers (viz.., structural damping and optical
compensation) typically entail numerous hardware
componce nts distributed over the system. In such situat ions
the vibration isolation layer, if sufficiently effective, will
significantly relax the requirements on (if not eliminate the
neced for) one or both of the other layers.

A disturbance isolation fixture was designed, built, and
implemerited on the JPL. Phase B Testbed (Figure 8). The
disturbaricc source was a proof-mass shaker suspended on
an accordion type flexure which in turn was rigidly attached

LVDT SENSOR

VOICE COIL
ACTUATOR
T

Fig. 8. Phase B Testbed Disturbance Isolation Fixture.
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Fig. 9. Disturbance Attenuation Due to the Vibration
isolation layer.
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to the truss structure. The corner frequency of the soft mount
was measured at 3 Hz with natural damping on the order of
12% of critical, An active stage consisting of a voice coil
actuator and an 1 .VIDT displacement sensor was added in
parallel with the soft mount. Active control experiments
using positive position feedback (PPF) were successful in
reducing the corner frequency of the isolator by a factor of
2 over the passive design. The experimental results (Figure
9)show the improvement in optical performance when the
isolator is turned on. A broadband RMS attcnuation factor
of greater than six was achicved.

Recentimprovements in isolator design have enhanced
this performance by another factor of five.!® The compact
single-axis device pictured in Figure 10 has demonstrated
30dB of broadband vibration isolation (Figure11). Recently
JPL. built a six-axis unit (J4gure 12) consisting of six single-
axis devices configured as a “*Sewart Platform.” In theory
such a unit should be capable of fully isolating a micro
precision spacecraft {rom alltranslational and rotational
disturbances. This theory will be put to the test in the
immediate future as the device of Iigure 12 undergoces
performance testing.

MAGNET

Fig. 10. Soft Active Member (SAM) Isolation Strut.
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Fig. 11. SAM Isolation Performance.

The Optical Compensation Layer

The optical delay hne experiment was designed to
capture the interact ion between structural flexibility and
optical pathlength as it would occur in a space-basc(i optical
interferometer such as the FML 718 varying levels of
control/structure interaction can be emulated by reconfiguring

Fig. 12.,11'1, “Hexapod” | solator — Shown With and
Without Mounted Disturbance Source (viz.,

Reaction Wheel).

A{L actuator  PHASE B MULTILAYER TESTBED

2
A

. VOICE ¢
i 'b"_ ’

PATHLENGTH
MEASUREMENY

Phase B Testbed.
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Fig. 16. Disturbance Attentuation on the Phase B
Testbed with All Layers Operating.

the testbed optical train. The configuration shown in Figure
13 represents a typical case for an interferometer, where the
laser beam bounces oft mirrors located on opposite ends of
the truss structure. Vibrationalmotions of the mirrors in the
path of the laser twain change the length of the optical path
and this changeis measuredinterferometrically by a fringe
detector. Control of the optical pathlength is provided by a
coarse molion voice coilactuator and a fine motion
piczoclectric actuator.

With the testbed excited at the natural frequency of a
major structural mode, closed loop experimental results
indicate (Figurc 1 4) that stellar pathlength variations were
reduced from 2.4 micrometers RMS to approximately 5
nanometers RMS (the testbed noise floor). in addition, it
was demonstrated that if a white noise disturbance excited
the structure with energy uniformly distributed over 1--100
Hz, the optical control layct would reject it by a factor of 139
RMS (sce Figure 15).

Multi-] .ayer Performance

The niLii-layer experimentalresults arc given in terms
of the disturbance transimission function from disturbance
source to optical pathlength. The frequency response plot of
Figure 16 summarizes the results and shows how each layer,
implemented successively, lowers the disturbance
transmission function. Assuming that a ban(i-limited white
noiscdisturbance excites the structure with energy uniformly
distributed over 1-- 1001z, the RMS attenuation factor
achicved by each layer in that frequency band is: (i)
structural quicting: 6; (i) disturbance isolation: 6; (iii)
optical control: 139.

With all layers operating together, the multi-layer
architecture cnables a 5100:1 vibration reduction.”
Clearly, the biggest contributor to vibration attenuation
performance is the optical control layer. However, the
structural quieting layer was essential in enabling this level
of optical compensation. Without the level of damping
introduced by structutal quieting, the optical control
bandwidth would have been reduced by at least a factor of
3(inorder to preserve system stability), resulting in a factor
of 5-10 poorer vibration attcnuation. This recognit ion leads
us to regard the opt ical compensation and structural quieting
layers as essentially equal contributors (factor of 30 each) to
overall vibration attentuation performance. Also of note is
the achicved level of absolute optical pathlength stability in
the ambient labor story environment: S nanometers RMS.
The priricipal contributors to this residual level were fringe
detector resolution {(~2 rim), noise in the control electronics
and laboratory acoustic and seismic excitation. Since the
latter two noise sources arc not present in space, and the
former twoarcreadily dealt withby nearterm improvements
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in electronics design, the pmmisc of sub-nanometer
stabilization of space optics appears quite feasible.

The measurement technology needed to support the
work in nanometer regime mechanical control discussed
above is essentially at the commerciaily available state-of-
the-art. In some cases custom designed read-out electronics
were necessary to process the signals from commercial laser
interferometers at higherrate or greate rresolution. However,
the need for picometer laser metrology 10 cnable optical
interferometers like 051 and POINTS to do microarcsecond
astrometry drives the technology considerably beyond the
state-of-the-arl.

Remarkable progress has been made in this area
recently?%.21] ixperiments conducted at JP1. have at least
established the feasibility of piCOln(‘.t(‘.l' relative metrology.
These experiments utilize a heterodyne laser gauge, shown
inTigure 17. The heterodyne laser gauge used a stabilized
0.633 pm 3 le-Ne laser as the light source. The light 1s
separatedinto t wo polarizat ions and modulated at dif ferent
frequencies using acousto-optic modulators (AOMs). One
polarization travels between the two corner cubes and is
interfered with its orthogonal polarization using a 45°
polarizer. The phase of the detected beat frequency measures
changes in the distance bet ween the t wo corner cubes. A 2rr
phase change corresponds to a ?J2 distance change. The
experiments reported here were conductedin vacuum with
the corner cubes separated by a nominal distance of '75 cm.
Two different implementations Of the basic heterodyne
gauge architecture were cxamined. A null gauge was
studicd to determine the ultimate precision of a heterodyne
interferometer by using twogauges with spatially coincident
beams. The deviation between the two readouts is taken to
be the precision of the gauge itself. A relative gauge, where
the beams arc spat ially separated, was also examined to
determine the extent of systematic errors which arc absent in
the null configurate ion.

The initialnul] gauge experiments were conducted in
the early spring of 1992. The results showed a null gauge
precision of 0.6 picometer at integration times (averaging,
periods) of 2,500 seconds. The maincontribut ion to this t iny
error was determined to be due to temperature drifts in the
electronics. The performance of the relative gauge is more
indicative of the performance that can be expected of an
ultimate flight metrology system. In the relative gauge
experiments, one of the two heterodyne gauges is used to
servo the distance between the corner cubes to a slowly
varying separation while the other gauge is used as a read-
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out device. The relative metrology experiment is designed
to classify and eliminate various sources of systematic errors
which arc absent In the null metrology gauge. The polarization
leakage caused by severalimperfect opt icalelements causes
asystematic error at tbe output of the interferometer which
is a periodic function of the distance between the corner
cubes, with a period or exactly onc wavclength. The
amplitude of this systematic error can be as large as 10
nanometers.  Non-periodic systematic errors appear as
smaller drifts duc to time varying temperature gradients in
the optics as well as linear drifts that can be correlatedto tbc
distance between the corner cubes. These latter lincar drifts
(on the order of 1 O’s of picomcters per wavelength of corner
cube motion) can thus be calibrated as a function of the
corner cube distance and climinated. The large periodic
error duc to polarization lcakage can be eliminated by using
a method known as ¢cyclic averaging. 20 This is implemented
by modulating the distance to be measured (i.e., the distance
between corner cubes) over an amplitude of several
wavelengths with a piczoelectric transducer. The resulting
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residual error, averaged over approximately 10 minutes of
data, was 3.5 picometers. Subsequentcxpcrinlenls21 were
run under MOIC lightly stabilized thermal conditions tO
climinate relative thermal drifts between the t woheterodyne
gauges. Figure 18 shows the metrology data takenduring
the time interval with the smallest change in temperature.
The calibratible lincar drift is 3.5 picometers per wave of
motion, and has been removed from the plot. The residual
crror is 0.13 picometer RMS. The fact that this result is
better than the performance of the null gauge is attributed 10
the great care taken with thermal control during the second
set of relative gauge experiments.

Clearly, considerable work is yetto be donc to take
picometermetrology from the tightly controlled environment
of a laboratory vacuum Chamber to the robust and rugged
hardware nceded for space flight. Nevertheless, these recent
experiments represent a major step forward in that they
cstablish that conducting laser based measurements at the
picometer level is feasible.

Integrated Modeling and Design Tools for

The challenges facing space interferometry do not lie
exclusively in the province of developing hardware for laser
metrology and vibration attenuat ion in the sub-micronregime.
Work is also needed to advance the state-of-the-art for
software tools for analysis and design. }xisting analysis
tools provide only limited capability for evaluation of
spaceborne optical system designs. They determine optical
performance from the geometry and material propertics of
the optical clements in the system, assuming only minor
deviations from the nominal alignment and figure. They
cannot evaluate the impact on optical performance from
controlled/articulated optics, structural dynamics, anti
thermal response, which arc important considerations for
future large optics missions. To investigate these critical
relationships, a ncw optical system analysis tool has been
developed called the Controlled Optics Maodelling Package
(COMP).22is a computer program especially designed
for modelling the optical line-of-sight, surface-to-surfarc
diffract ion, and full wave front performance of optical
systems that arc subjected to thermal and dynamic
disturbances. COMP can accomniodate the most common
opt ical elements: flat and conic mirrors and lenses, reference
surfaccsand focal planes, as well as some uncommon oplics,
such as segmented and deformable mirrors. It can be used
for stand alone analysis of optical tolerances and optical
performance, or to provide the optics part of an integrated
system model forerror analysis and budgeting, or for system
calibrat ion and end-to-end simulation performance analysis.
integration of COMP with emerging CSI analysis tools will
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make it possible to optimize the design of a combined
control/structure/optics system for maximum optical
performance. All of these capabilities make COMP an
important new analysis tool which enables comprehensive
investigations of complex optical system architectures such
as those 10 be used for space and 1 .unar based telescopes and
interferometers, COMP has already seen application o the
FMlas well as to on-going NASA flight projects including
Hubble Space Telescope and SIRTH.IPL is currentl y in the
process of embedding COMP in a more comprehensive
integrated analysis package called IMOS  (Integrated
Modeling of Advanced Optical Systems).24 IMOS will
enable cod-to-cod modeling of complex optomechanical
systems (including optics, controls, structural dynamics,
and thcr 1nal analysis) in a single scat work stat ion computing
environment, Version 1.0 of COMP as well as an initial
version of IMOS have been completed and released, along
withcomprehensive User Guides. They arcavailable through
COSMIC.

The process of system design is one of synthesis.
Analysis tools such as COMP and 1 MOS have value in this
process in that they are able to quickly evaluate competing
point designs. However, analysis tools in their own right do
not enable direct design synthesis. The key challenge in
design synthesis is performing trade off studies pitting
compeling objectives from differing subsystems against onc
another.  Too oftensuch studies are based solely on
“engincering judgement” and arc wholly non-quantitative
in their approach. The more complex the system, the more
likely thiis is tobc the case. J}']. hasrecently completed work
on an initial set of software algorithms (the Integrated
Design Tool) that enables quantitative trade offs across the
structwr al, optical, and control subsystems.2® This design
too] has been used to conduct a case study on the JPL. Phase
B Testbed that explores the trade-off between mass and
performance in precision optical systems.?® The result is a
family of testbed designs that would simultancously provide
impron cd opt ical per-for mance and decreased mass. The
current software is also capable of optimizations that include
placenient and tuning of damp ing elements, and the utilizat ion
of optical performance metrics such as Strehl ratio and
wavefiont error.”?°This design optimization methodology
promises to enable the generation of highly efficient, light
weight, control/structure designsrequired to support NASA's
future optical systems.

End-to-End Technology Testing

To demonstrate the solution to the FMI-class control
challenge, interferometer technology  evolution requires
grolind-based validation at the component level followed by
a successful demonstration of end-to-end instrument
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Fig. 19a. 'The Micro-1'recision Interferometer (MPI)
Testbed,

Fig. 19b. The MPI “optics Boom” Containing; the
Interferometer Basdline (L.ower Part of Photo) and the
Star Simulator (on Opt ics ‘J'able, Upper Part of Photo).

operation, first on the ground and then in space. Resulting
technologics can then be applied 10 specific space-based
mterferometric missions orto other precision missions
which exhibit similar challenging requirements.

"1e Micro-Precision Interferometer (MPI) Testbed

The Micro-Precision Interferometer (M P1) Testbed2?~3!
pictured in Figure 19 provides a crucial link between
interferometric technologies developed for ground systems
and those required forspace. Itsdesigndraws uponextensive
interferometer and CSlexperience. The Mount Wilson
Mark 11 | Interferometer is an operational ground-based
instrument capable of performing astrometric
measurements. 32 Although overall performance is limited
by the atmosphere, this facility provides a demonstration
that precision alignment and control of its optical elements
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can be achieved when the instrument is attached to a non-
flexible body such as the carth. Results from the J}'), CS]
Phase B Testbed, which includes a subset of the optical
clements found onthe Mount wilson Mark 111 Interferometer,
demonstt ate that the required nanometer level sensing and
control requirements can be achieved on aflexible structure
using the multi-layered architecture.

The Microl'recision Interferometer Testbed allows for
system integration of CSItechnologies with key
interferometer subsystems on a flexible structure. The MI']
structure is a 7mx 6.8mx 5.5m truss weighing 200 kg (with
optics and control systemns attached the weight is about
600 kg). Built primarily from aluminum components,
consides able effort was taken in the assembly process to
minimize alignment crrors and produce a linear structure.
Three lit iear extension springs attached to three different
points o1 the structure make up the structure’s suspension
system. This system provides about a factor of ten separation
between the structure’s “rigid body™ and flexible body
modes (the lowest of which is at about 6 Hz).

The testbed was completed to the so-called Phase 1
Stage in June, 1994.Phascl connotes a full single
interferometer baseline is in place on the truss structure
(ultimatcly the Phase 2 testbed will contain two baselines).
The equipment complementincludes a three tier optical
delay line with associated laser metrology, a pointing systcm
complete with two gimballed siderostats, two fast steering
mirrors, and coarseand finc angle tracking detectors, the six-
axis isolation system pictured in Figure 12,anrtaliassociatcd
clectronics and real time computer control hardware
necessar y forclosed loop system control and data acquisition.
Initial closed loop operation was achicvedin August, 1994
with “‘stellar’” fringe stability of about 50 nanometers RMS
recorded in the presence of lab ambient disturbances.
Considerable work is yet to be done to attain the goal of
1 0 nanometers stability in response to a simulated on-orbit
disturbance environment. Nevertheless, the community
now has an “existence proof of end-to-end interferometer
operation on a free-free flexible structure representative of
a first generation space optical interferometer.

Using a “stars simulator” lasermetrology systemlocated
on a floaled optical benchalongside the testbed, the sensitivity
of “stellar” optical pathlength (from the “star,” down each
arm of the intcrferometer, and through the delay line) to
mechanical excitation originating at the isolation fixture can
be investigated. Figur ¢ 20 shows the transfer function from
a shaker mounted on the isolat ion fixture to the stellaroptical
pathlength with the delay line control loops off. Note the
testbed’s lightly damped resonances (measured in previous
modal surveys to have damping on the order of 0.1 %),
indicative of an extreinely linear structure. Note also that,
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Fig. 20. MPI Test bed OpenI.oop Transfer Function
from Shaker on isolation Fixture to Stellar Optical
Pathlength (Nanometers per Newton vz, Hertz).

open loop, opt icalpathlength errorexceeds 1 000 nanometers
per newton across a broad frequency range. By way of
comparison, refer to¥igure 21 forthe analogous (analytically
derived) transfer function for the FMI. Notice the striking
similarity between the M1 and the MI'] transfer functions.
This, of course, isno accident. The MP1 was designed to be
a hall scale reproduction of a “one-arn~cd” FMI. I there is
a surprise it is that the MI'], althougha considerably smaller
structure, appears to besomewhatmore sensitive 10
mechanical excitation thanthe FMI, perhaps indicating that
analytical madelsof such systems crron the side of opt imism
in predicting system performance. This, along with a host
of other issues involving hardware and software validation,
will be investigated in great detail as MP1 testing proceeds
through 1995 and into 1996.

Interferometer Flight Experiments

The MPI'Testbed will gealong way toward establishing
end-to-end interferometer technology readiness. However,
for a handful of key components, there. is no substitute forthe
space environment to unambiguously provide performance
verification. 1'wo examples arc vibration isolation and
active delay lines. Yor the former, testing in 1-g invariably
leads to thie introduction of gravity off-load mechanisms
which cast doubt upon thc validity of the results. Similarly
for the latter, gravity plays a poorly understood role in
preloading critical mechanical elements, making
extrapolat ion from ground based to space based performance
extremely difficult. Prudent risk reduction in these arcas
indicates that testing in space is called for. Yurthermore,
from a psychological point of view, the excitement and
impact of a space experiment should not be underestimated.
“Flight proven” is a term that inspires confidence in the
mi nets of program managers.
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Two flight experimerits aimed at interferometersy stems
technology arc currently in Phase A under NASA's IN-
STEP (1 n Space’l echnology Eixperiment) Program. The Six
Axis Start Strutlsolatio nExperiment (SASSIE) will explore
on-orbit performance of a stru-based six-axis vibration
isolation system. A morc ambitious experiment, tbe Stellar
Interferometer Tracking Yixperiment (S11'1 4) will demonstrate
end-to-end optical interferometer performance in the space
shuttle’scargobay (Figure 22). SITE wiil contain an optical
delay line and will estaish thc performance credentials of
this col nponentin 7¢io gravity.

MPESS in
Payload Bay

Precision Optical Bench

Fig. 22. SITE on the MPESS in the Shuttle Bay.
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This paper has presented a broad brush overview of the
JPL. program in interferometer technology development and
the NASA mission requirements to which it is responding.
Thic program has been pursuing a plan that combincshardware
development (components for picometer laser metrology
and sub-micron structural control, vibration isolation, and
optical clement articulation), software development
(integrated analysis tools such as COMP and IMOS as well
as the Integrated 1 design TooJd), and the development of an
overallsystem philosophy (viz., themult i-lay erarchitecture).
Todate, analyt ical resultson the Focus MissionInterferonaeter
and experimental results on the Phase B Multi-1.ayer Testbed
demonstrate the promise of the technology. What remains
is the demonstration of tcchnology flight readiness via end-
to-end testing on the Micro-1'recision Interferometer Testbed
and on-orbit demonstrations on SITE and SASSIE. This
should lcad to wholesale insertion of interferometer
technology into NASA flight missions by early in the next
decade.
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